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Electron mobilities in modulation doped Gao.47Ino.53 As/ Alo.48Ino.52 As 
heterojunctions grown by molecular beam epitaxy 
K. Y. Cheng a) and A. Y. Cho 
Bell Laboratories. Murray Hill New Jersey 07974 
T. J. Drummond and H. Morkoe 
Department of Electrical Engineering. University of Illinois. Urbana. Illinois 61801 
(Received 31 August 1981; accepted for publication 26 October 1981) 
Modulation doped G80.47 lDo.s3 As-Alo.48 lDo.s2 As single-period heterostructures have been 
prepared by molecular beam epitaxy (MBE). Electron mobilities as high as 8915 cm2 IV s at 300 
K,60 120 cm2/V s at 77 K, and 90420 cm2/V s at 10 K were obtained with an average electron 
concentration of _1017 cm-3. These results represent a mobility enhancement over uniformly 
doped GIlo.47 lDo.s3 As with the same carrier concentration by about a factor of 6 at 77 K and by a 
factor of 2 at 300 K. Single-period modulation doped heterostructures have shown enhanced 
mobility in spite of the relative positions of the Si-doped Alo.48 IDo.s2 As layer and the undoped 
GIlo.47 IDo.s3 As layer in contrast to the case of GaAsl Alx Gal _ x As system where mobility 
enhancement has only been observed for MBE grown Alx Gal _ x As on top of the undoped GaAs 
layer. 
PACS numbers: n.20.Fr, 73.60.Fw, n.80.Ey, 81.15.Ef 
Modulation doped GaAs-AlxGal_xAs single hetero-
junction structures prepared by molecular beam epitaxy 
(MBE) have been studied extensively. 1-4 Extremely high 
electron mobility at low temperatures in these structures is 
achieved by spacially separating the conduction electrons in 
the smaller band-gap material from their parent ionized do-
nor impurity atoms in the larger band-gap material, thereby 
reducing the influence of impurity scattering on the electron 
motion.s The carriers confined to the GaAs layer near the 
heterojuction interface form a pseudo-two-dimensional elec-
tron gas (2DEG). This increased electron mobility effect can 
improve the performance offield-effect transistors (FET's)4 
for either microwave or high speed logic applications. In the 
GIlo.47 lDo.s3 As epitaxial layers lattice matched to InP sub-
strates, room-temperature, low field mobilities are up to 
50% higher than those of GaAs,6 which is a considerable 
improvement for FET applications. With the combination 
of Alo.48 lDo.s2 As, which has a band gap of -1.53 eV (Ref. 7) 
and can be lattice matched to the InP substrate, modulation 
doped GIlo.47 lDo.s3 As-Alo.48 lDo.s2 As-InP heterostructures 
have been realized for the first time in this new alloy system. 
In this study the preparation and electrical properties of sin-
gle-period GIlo.47 lDo.s3 As-Alo.48 lDo.s2 As modulation doped 
heterojunction structures suitable for FET applications are 
described. Enhanced electron mobilities as high as 8915, 
60 120, and 90 420 cm2/V sat 300, 77, and 10 K, respective-
ly, have been achieved with the sheet electron concentration 
N .. equal to 1.01 X 1012 cm-2 at 10 K. 
The MBE system used in this study is similar to the one 
described previously for the growth of extremely uniform 
GaAs, AlxGal_xAs (Ref. 8) and Gaxln, _xAs layers.9 The 
system is equipped with a sample exchange airlock to reduce 
atmospheric contamination of the growth chamber during 
substrate loading. The substrate holder can rotate continu-
"'Present address: Electrical Engineering Department Chung·Cheng Insti· 
tute of Technology. Taiwan. Republic of China. 
ously at a speed of 0.1-5 rpm to provide uniform deposition 
during growth. The results reported in this letter were ob-
tained with a rotation speed of 3 rpm. A liquid-nitrogen 
cooled shroud is used to enclose the entire growth chamber 
in order to minimize the residual water vapor and carbon-
containing gases during growth. 
The modulation doped heterojunction structures were 
grown on (100) oriented semi-insulating. Fe-doped InP sub-
strates, which were prepared according to the procedures 
described earlier. 10 After a flash desorption of the surface 
oxide at - 500 ·C under the exposure of an As beam, the 
epitaxial growth was carried out at about 570 ·C with a typi-
cal growth rate of 2.5 ,um/h for both G80.47 In053 As and 
AI0.48 Ino.52 As. At the onset of growth, lattice matching be-
tween the epitaxial layer and the InP substrate was moni-
tored with high energy electron diffraction (HEED). During 
the growth, the As background pressure in the growth 
chamber was kept above I X 10-7 Torr to permit growth 
under an As-stabilized condition. In the Alo.48 Ino.52 As lay-
ers, Si was used as the n-type dopant. The electrical proper-
ties of all samples were characterized by the Van der Pauw 
method at temperatures between 10 and 300 K. Ohmic con-
tacts were made by alloying indium dots onto the epitaxial 
layer at 400·C for 30 s in H2 ambient. 
Two different G80.47 In053 As-Alo.48 Ino.52 As single-pe-
riod heterojunction structures were grown for evaluation of 
the mobility enhancement properties. The first structure, as 
shown in Fig. l(a), consists of 1.5-,um-thick unintentionally 
doped layer of G80.47 In053 As and a 0.15-,um-thick surface 
layer of n-type Al0.48 Ino.52 As. In order to reduce the cou-
lombic interaction between the ionized impurity atoms and 
the conduction electrons,2.3 a thin layer of undoped 
AI0.48 Ino.52 As (about 80 A) was grown at the 
G80.47 Ino.53 As-Alo.48 Ino.52 As interface. The measured mo-
bilities at 300, 77, and 10K in these modulation doped struc-
tures with different levels in the AloAR In053 As layers are 
listed in Table 1. Samples Nos. 166, 167, and 168 have net 
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FIG. I. Schematic cross section of modulation doped 
Ga,147 In"" As-Alo4K 1"0» As single-period heterostructures with (a) 
AI" 4K Ino» As layer at the surface and (b) Gao.7 Ino ,.1 As layer at the surface. 
electron concentrations in the Alo.48 lno.52 As layers about 
10 17 cm - 3 at 300 K and the sheet electron concentrations 
decrease significantly at low temperatures. The mobilities of 
uniformly doped Gaa.47 Ino.53 As layers grown by MBE with 
such a doping level are about 6000 and 10 000 cm2/V s at 
300 and 77 K, II respectively. The observed liquid-nitrogen 
temperature mobilities between 55000-60000 cm2/V s are 
a factor of 6 higher than those of the uniformly doped layers. 
When compared with the purest liquid phase epitaxial (LPE) 
materials at a carrier concentration of 3.4 X 1014 cm -3 re-
ported to date,6 the mobility of the LPE material at 10 K is 
only 1/3 of that for the modulation doped structure dis-
cussed in this work. This suggests that the existence of 
2DEG at the Gaa.47 lno.53 As-Alo.48 Ino.52 As interface and the 
high electron mobility is a result of less influence by the im-
purity scattering. 
Figure 2 shows the Hall mobilities as a function oftem-
perature for two samples with different structures. In the 
first sample (No. 167), which has the Alo.48 Ino.52 As surface 
layer, the mobility increases monotonically as the tempera-
ture is lowered to 10 K. In the case of uniformly doped 
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FIG. 2. Electron mobilities in two different Ga,"7 In",.1As-Al,,4K In" "As 
single-period modulation doped heterostructures as a function of tempera-
ture. Sample No. 167 has an Alo4K Ino" As surface layer. Sample No. 169 
has a Ga".7 In".51 As surface layer. 
Gaa.47 InO.53 As epitaxial layers, the electron mobility would 
reach a maximum at around 70 K, and ionized impurity 
scattering dominates below 70 K causing the mobility to 
decrease according to a T3/2Iaw. h In this modulation doped 
sample however, no indication of mobility degradation is 
observed at temperatures below 70 K. The maximum mobil-
ity of90 420 cm2/V s at 10K is the highest value ever report-
ed in this material. 
The second structure, as shown in Fig. 1 (b), consists of a 
1.5-Jlm-thick undoped AIa.48 lno.52 As buffer layer on InP 
substrate, followed by a 0.15-Jlm-thick n-type AIa.48 lno.52 As 
layer, an 80-A undoped AIa.48 lno.52 As, and a 0.8-Jlm-thick 
undoped Gaa.47 lno.53 As. The thick intrinsic AIa.48 lno.52 As 
buffer layer was used to eliminate the possibility of electron 
transfer into the substrate. The resultant electron concentra-
tion and mobility data of this sample (No. 169) are also 
shown in Table I and Fig. 2. Its room-temperature carrier 
concentration is about the same as those samples of the first 
structure, however, the measured electron mobility at 77 K 
is less than half of that in samples of the first structure. Un-
der the same growth conditions, the MBE grown undoped 
TABLE I. Mobility t-t, doping concentration n, and sheet electron concentration N, at 300, 77, and 10 K of modulation doped Gao., 1"0.,.1 As-AI"," 1"<152 As 
heterojunction structures. 
Alo'R 1"052 As 300K 
doping Electron 
Sample concentration concentration Mobility 
number n(cm- 3 ) Ns(10 12 cm- 2 ) t-t(cm2;V s) 
166 1.63 X 1017 2.54 7315 
167 1.04 X 1017 1.56 8915 
168 8.86X 1016 1.32 8610 
169 8.70X 10 16 1.31 7115 
148 Appl. Phys. Lett., Vol. 40, No.2, 15 January 1982 
Electron 
concentration 
Ns(1012 em -2) 
1.47 
1.04 
0.98 
1.20 
77K 
Mobility 
t-t(cm2/V s) 
54960 
60 120 
58490 
23600 
Electron 
concentration 
Ns(1012 cm- 2 ) 
1.30 
1.01 
0.87 
1.20 
10K 
Mobility 
t-t(cm 2/V s) 
81860 
90420 
88000 
26500 
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Gao.47 Ino.53 As uniform layers are n-type with a background 
carrier concentration in the low 1015 cm - 3 range. Their mo-
bilities at 77 K are between 30000-40 000 cm2/V- s, II and 
decrease rapidly as the epitaxial layers become thinner than 
3 /-lm, probably due to the interface effect. In LPE layers, the 
77-K mobilities are below 15000 cm2/V s for 1-3-/-lm-
thick layers.6 Since the mobility, carrier concentration, and 
thickness of each layer affect the electrical properties of the 
heterojunction structure, the measured electron mobilities 
represent a combined average of the Gao.47 Ino.53 As layer, 
the Alo.48 Ino.52 As layer, and the 2DEG at the interface. If 
there is no 2DEG formed at the heterojunction interface, the 
measured mobility would be limited by the low mobility as-
sociated with the Al048 Ino.52 As layer. II Although the 
Gao.47 Ino.53 As surface layer is only 0.8 /-lm thick, the elec-
tron mobility of 23 600 cm2/V s at 77 K indicates the exis-
tence of mobility enhancement. 
The relationship between electron mobility and tem-
perature in sample No. 169 is similar to that of sample No. 
167 and is shown in Fig. 2. With temperature decreasing 
from 300 K, electron mobility increased monotonically and 
became saturated at around 30 K. This is in contrast to the 
high purity Gao.47 Ino.53 As layer, where the mobility tends to 
peak at about 70 K and steadily decrease with decreasing 
temperature due to impurity scattering.6 Hence the electron 
conduction in this modulation structure at low temperatures 
is also due to the 2DEG. The comparatively low mobility in 
this structure is probably due to the 
Gao.47 Ino.53 As-Alo.48 Ino.52 As interface roughness and/or 
incomplete transfer of conduction electrons from the Si-
doped Alo.48 Ino.52 As layer into the Gao.47 Ino.53 As surface 
layer. This is different from the MBE grown, modulation 
doped Alx Gal _ x As-GaAs, single-period structure, where 
the mobility enhancement is not observed in the case of the 
GaAs layer on top of the Alx Gal _ x As layer. I 
Recently, it was shown that in selectively doped single-
period Alx Gal _ x As-GaAs heterostructures, the electron 
mobility decreases monotonically with increasing back-
ground carrier concentration in the GaAs layer. 12 In this 
study, the undoped Gao.47 100.53 As layer has a background 
concentration of about 1015 cm- 3, which is an order of mag-
nitude higher than that in MBE grown pure GaAs. Further 
improvement in the growth of pure Gaxlnl_xAs epitaxial 
layers will increase the electron mobilities of the modulation 
doped heterostructures. Although the parameters such as 
layer thickness, carrier concentration, and the width of the 
thin undoped region are not optimized, the high electron 
mobilities in both modulation doped heterostructures of this 
alloy system suggest that it has a high potential for applica-
tion to high speed devices operating at low temperature. 
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However, for the heterostructure with the Gao.47 Ino.53 As 
surface layer, the metal Schottky barrier heights on 
Gao 47 Ino.53 As are too low 13 to be used in metal semiconduc-
tor field-effects transistors (MESFET's). On the other hand, 
AI0.48 Ino.52 As larger band gap at 300 K suitable for Schottky 
barrier fabrication. High speed MESFET's similar to those 
of the At Gal _ x As-GaAs system4 can be made in this mod-
ulation doped Gao.47 Ino.53 As-Alo.48 Ino.52 As heterostructure 
with an Alo.48 Ino.52 As surface layer. 
In summary, modulation doped 
Gao.47 Ino.53 As-Alo.48 Ino.52 As single-period heterostruc-
tures have been prepared by MBE. Enhanced electron mo-
bilities as high as 8915, 60120, and 90 420 cm2;V s at 300, 
77, and 10 K, respectively, associated with the net electron 
concentrations in the Alo.48 Ino.52 As layers of - 1 X 10 17 
cm- 3 have been measured. These results represent a sub-
stantial improvement of a factor of about 6 and 50% over 
uniformly doped Gao.47 Ino.53 As at 77 and 300 K, respective-
ly. In contrast to the Alx Gal _ x As-GaAs system, electron 
mobility enhancement for single-period heterostructures 
was observed in spite of the relative positions of the doped 
Ala 48 Ino.52 As layer and the undoped Gao 47 Ino.53 As layer. 
However, in this preliminary study the mobility enhance-
ment effect is less in the heterostructure with a 
Gao.47 Ino.53 As surface layer than in that with an 
Alo48 Ino.52 As as the surface layer. Heterostructures suitable 
for high speed device applications were also suggested. 
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